The main purpose of the present research is the measurement of local strain distributions generated in a shape memory alloy composite (SMAC) under thermal loading. In the present study, firstly, the test system is constructed on the basis of Digital Image Correlation (D.I.C.) in order to measure local strains all over the surface of object. Then, local strain distributions generated in SMAC are measured under heating. Results in present study are as follows: (1) Longitudinal local strain reveals inhomogeneous deformation behavior during austenite transformation of SMA fiber, and shows distribution along to x and y direction after austenite transformation. Also, we can see that the state of distribution is different between x and y directions after austenite transformation. (2) Lateral local strain begins to generate around fiber during austenite transformation of SMA, and shows distribution along to only y direction after austenite transformation. This distribution is caused by thermal expansion of matrix. (3) Shearing local strain begins to generate at fiber edge during austenite transformation of SMA fiber, and shows distribution along to x and y direction after austenite transformation.
Introduction
Many researchers have been conducting investigations about basic performances and applications of shape memory alloy (SMA). Therefore, there have been many results of research about SMA. [1] [2] [3] [4] [5] [6] [7] In the recent years, some researchers have studied about shape memory alloy composite (SMAC) which consists of SMA reinforcement and polymer or metal matrix. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Especially, considerable attention has been paid to the creating of internal stress in matrix under thermal loading. [8] [9] [10] [11] On the other hand, SMAC exhibits deformation of composite under thermal loading. 14, 19, 20) In the case of controlling both of internal stress and deformation, it is important to study about their thermo-mechanical behavior from the viewpoint of analysis and experiment. Umezaki et al. 21) tried to measure the distribution of deformation on the surface of SMAC during thermal loading. Ro et al. 22) analytically investigated temperature distribution arising in SMAC during thermal loading. Also, present authors analytically investigated the change of internal stress and deformation in SMAC during thermal loading, and experimentally tried to measure their values. 19, 20) As a result, it was seen that internal stress and deformation had distribution in SMAC, and we could not predict their value sufficiently. Therefore, it is necessary to make the distribution of internal stress and deformation in SMAC clear. If we can measure the internal stress and deformation in SMAC, and construct new analytical model considering distribution of them, we can approach the ''control of internal stress and deformation in structure''.
The main purpose of the present research is the measurement of local strain distributions generated in SMAC under thermal loading. In the present study, firstly, the test system is constructed on the basis of Digital Image Correlation (D.I.C.) in order to measure local strains all over the surface of object. D.I.C. is one of the measurement methods, which can measure the distribution of displacement all over the subject. 23, 24) We can measure distributions of local strain such as longitudinal, lateral and shearing local strain generated on material by using this system. Secondary, local strain distributions generated in SMAC are measured under heating. Results in present study are as follows: (1) Longitudinal local strain reveals inhomogeneous deformation behavior during austenite transformation of SMA fiber, and shows distribution along to x and y direction after austenite transformation. Also, we can see that the state of distribution is different between x and y directions after austenite transformation. (2) Lateral local strain begins to generate around fiber during austenite transformation of SMA, and shows distribution along to only y direction after austenite transformation. This distribution is caused by thermal expansion of matrix. (3) Shearing local strain begins to generate at fiber edge during austenite transformation of SMA fiber, and shows distribution along to x and y direction after austenite transformation.
Fabrication of Shape Memory Alloy Composite
NiTi alloy and epoxy resin are adopted as SMA fiber and matrix material in SMAC. NiTi fiber (diameter ¼ 1:0 mm) shows shape memory effect (SME) at room temperature, and its austenite finish temperature is about 90 C. Then, SME single fiber/Epoxy matrix composites are fabricated by casting epoxy resin (Epoxy:Hardner = 93:7) into a mold fixed pre-strained SMA fiber. The glass transition temperature of the epoxy resin is 70
C. An amount of pre-strain given to SMA fiber is determined from thermo-mechanical loading tests such as recovery stress test and recovery strain test of SMA. 19, 20) Adequate pre-strain of SMA fiber in composite is 0.05 in present study. Figure 1 shows specimen configuration of composite.
Methods

Joule heating
Joule heating is heating method by using electric current. Direct current stabilization power source (KENWOOD Ltd.) is used to heat SMA fiber. The temperature during joule heating is determined from the following Madill's equation. 25 )
where, = density of wire material [
. Firstly, the temperature of SMA fiber is investigated during joule heating to determine a temperature according to electric current value. Figure 2 (a) shows temperature-time relation at several electric current values during joule heating. Temperature of SMA fiber is measured by using infrared radiation thermometry method. As shown in Fig. 2 (a), temperature reaches equilibrium state after 5 min for almost of electric current values. Therefore, electricity is gradually increased every 5 min up to 95 C as shown in Fig. 2 (a) when we heat SMA fiber in composite.
Also, dT=dt is 0 and iðtÞ is i in eq. (1) in this heating method. So, we can obtain the following linear relationship between T-T a and i 2 .
Figure 2(b) shows relation between the difference of temperatures and square of electric current value at equilibrium state for SMA fiber under joule heating. As shown in this figure, results show linear relationship between T-T a and i 2 , and its slope is 5.16. We can estimate a temperature according to electric current value during joule heating.
Measurement of local strain distribution
Test system is constructed on the basis of D.I.C. 23, 24) in order to measure local strains. This system consists of three parts as follows: (A) Image acquisition, (B) Digital image correlation (calculation of displacement distribution), (C) Calculation of local strain distribution. Figure 3 shows a flow chart up to calculating local strain distribution. Also, apparatus used in this system are indicated in this figure. Firstly, images used in D.I.C. are taken at an interval during deformation of specimen (A). Secondary, two images are selected from those images, and displacement all over the surface of specimen can be calculated by comparing these two images (i.e., undeformed image and deformed image) in D.I.C. (B). Thirdly, local strain all over the surface of specimen is calculated from the displacement all over the surface of specimen (C). Calculation method of local strain is following as shown in Fig. 4 .
Approximation of displacement distribution
Region of displacement distribution [ Fig. 4(a) ] is divided into several small regions ð1; 2; 3; . . .Þ like Fig. 4(b) . Every small region (displacement distribution area) is approximated with 2-order curved surface. The center area in approximated displacement distribution area without surroundings of boundary is extracted, and its each area is combined, respectively.
Local strain distributions
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Figure 4(c) shows local strain distribution obtained from above calculating method. Figure 5 (a) shows experimental setup. Pre-strained SME single fiber/Epoxy matrix composite is gradually heated up to about 95 C. Only fiber in composite is heated by joule heating method. Time to turn on electricity is 5 min at an interval. 17 pictures are taken at several temperatures up to about 95 C by using CCD camera. Subset size is 31 Â 31 pixels and searching area size is 39 Â 39 pixels in D.I.C. These fittest sizes are determined from following test. The specimen is moved in parallel by the tensile machine, and the displacement obtained from D.I.C. is compared with that obtained from the crosshead of tensile machine for several subset sizes and searching area sizes.
Experiment
Results
SMAC is heated up to about 95
C, and local strain distributions are measured at an area on specimen as shown in Fig. 5(b) . Figure 6 shows schematic illustration of macroscopic deformation-temperature relation of SMAC under heating. The temperature in Fig. 6 is that of SMA fiber in composite. SMAC creates internal stress in matrix, and simultaneously shows macroscopic deformation during heating. Macroscopic deformations of SMAC are thermal expansion up to 65 C, shrinkage due to austenite transformation of SMA fiber from 65 to 90 C and thermal expansion again after 90 C during heating. Figure 7 shows local strain distributions arising in SMAC under heating. Results of local strain distribution are shown at temperature regions of thermal expansion, austenite transformation and after austenite transformation of SMA fiber in composite. Also, results of longitudinal local strain, lateral local strain and shearing local strain are given in Figs. 7(a), (b) and (c). As shown in these figures, the distribution of all strains shows homogeneous deformation behavior at thermal expansion region. Next, from even a cursory examination of figures at austenite transformation region, longitudinal local strain reveals one-sided distribution. On the other hand, lateral local strain begins to generate around SMA fiber, and shearing local strain begins to generate at fiber edge. Finally, at region 
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G. Murasawa and S. Yoneyama after austenite transformation, longitudinal local strain and shearing local strain show distribution along to x and y direction. Lateral local strain shows distribution along to only y direction.
Discussion
Local strains along to x or y direction are shown in Fig. 8 . As shown in these figures, we can also find that longitudinal 50.0mm and shearing local strains show distribution along to x and y direction, and lateral local strain shows distribution along to only y direction. Longitudinal local strain reveals inhomogeneous deformation behavior during austenite transformation of SMA fiber as shown in Fig. 8(a) . This inhomogeneous deformation behavior is derived from that of SMA fiber itself such as nucleation and propagation of phase transformation.
5-7) Also, we can see that the state of distribution is different between x and y directions. When we construct an analytical model considering the distribution of deformation in SMAC, it is difficult to consider inhomogeneous deformation during austenite transformation of fiber. On the other hand, the local strain shows simple distribution after austenite transformation of fiber. Then, it is possible to construct an analytical model only in the case of ''after austenite transformation''.
Lateral local strain begins to generate around fiber during austenite transformation of SMA, and shows distribution only along to y direction after austenite transformation as shown in Fig. 8(b) . Then, the distribution along to y direction is almost linear. Lateral local strain distribution is caused by thermal expansion of matrix.
Conclusion
Local strain distributions generated in Pre-strained SME single fiber/Epoxy matrix composite are measured under thermal loading. The results are as follows:
(1) Longitudinal local strain reveals inhomogeneous deformation behavior during austenite transformation of SMA fiber, and shows distribution along to x and y direction after austenite transformation. Also, we can see that the state of distribution is different between x and y directions. shows distribution along to x and y direction after austenite transformation.
